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LEGAL NOTICE

This report was prepared as an account of Government sponsored
work. Neither the United States, nor the National Aeronautics and
Space Administration, nor any person acting on behalf of the National
Aeronautics and Space Administration:

A, Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this re-
port, or that the use of any information, apparatus,
method, or process disclosed in this report may not
infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, ''person acting on behalf of the National
Aeronautics and Space Administration'' includes any employee

or contractor of the National Aeronautics and Space Administra-
tion, or employee of such contractor, to the extent that such em-
ployee or contractor of the National Aeronautics and Space Ad-
ministration, or employee of such contractor prepares, dissemi-
nates, or provides access to, any information pursuant to his em-
ployment or contract with the National Aeronautics and Space Ad-
ministration, or his employment with such contractor.

Requests for copies of this report should be referred to:

National Aeronautics and Space Administration
Office of Scientific and Technical Information
Attention: AFSS-A

Washington, D. C. 20546
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RESEARCH PROGRAM FOR THE LONG TERM
TESTING OF CYLINDRICAL DIODES AND
THE IRRADIATION OF FUEL AND INSULATOR

ABSTRACT

The experimental and analytical work in nuclear thermio-
nics being performed by the Special Purpose Nuclear Sys-
tems Operation of the General Electric Company for the
National Aeronautics and Space Administration under Con-
tract NAS 3-2544, ''"Research Program for the L.ong Term
Testing of Cylindrical Diodes and the Irradiation of Fuel
and Insulator,' is presented. Information from the li‘tera-
ture, information generated under the contract, and infor-
mation generated by the contractor in other studies, some
of which were conducted under other contracts with the
government, are included. The work is administered under
the direction of the Nuclear Power Technology Branch,

Lewis Research Center, Cleveland, Ohio.
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RESEARCH PROGRAM FOR THE LONG TERM

TESTING OF CYLINDRICAL DIODES AND

THE IRRADIATION OF FUEL AND INSULATOR

SECTION I

SUMMARY

This is the Seventh Quarterly Summary Report describing progress

on the research program for the long term testing of cylindrical

diodes and the irradiation of fuel and insulator under Contract NAS

3-2544. The program consists of work phases; (1) develop-

ment of basic converter life, (2) thermal and irradiation testing of

fuel/clad emitter, and (3) irradiation of high purity alumina at tem-

perature.

The objectives and scope of each of these work areas are as follows:

Phase A: Develop, life test, and evaluate basic thermionic converter

designs.

Task 1:

Task2:

Design, fabricate, and life test three cylindrical con-
verters to demonstrate the life of collector, emitter,

and spacing assemblies and related internal components.
Dissect components to investigate causes of deterioration

or failure.

Design, fabricate, and life test three converters simi-
lar to those in Task 1 which includes a mockup of an inter-
cell assembly for multicell application. This intercell
assembly includes provision for electrode spacing, back
emission shields, and intercell connections. Intercell
connections are not required to carry current. Dissect
components to investigate causes of deterioration or

failure.

-1-
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Task 3: Perform detail design (including thermal and stress
analyses) and prepare procedures for fabrication and
assembly for a three converter series connected seg-

ment of a thermionic fuel element,

Task 4: Design, fabricate, and life test two thermionic convert-
ers which include a mockup of an intercell assembly based
on the physical design of Task 3, The converter tests are
to be conducted at an emitter temperature of 1800°C and a
collector temperature of 1000°C for 2000 hours or until
failure, whichever occurs first. The intercell electrical
connections shall be active, i.e. current conducting.
Dissect converters and investigate causes of component

failure and deterioration.

Task 5: Design, fabricate, and life test three converters to investi-
gate the effect of a UO, fuel in a W-25 w/o Re clad emitter
on thermionic performance during an extended period (4500
hours) of converter operation at an emitter temperature of
1800°C and a collector temperature of 1000°C. Dissect con-

verter and investigate failures or physical changes noted.

Phase B: Develop, fabricate, and study the long-term effects on Fuel/
clad emitters from thermal and irradiation exposures.
Task l: Design, fabricate, aund test twelve W-25 /o Re UOZ fueled
specimens in high temperature furnaces in the temperature
range 1800°C to 2200°C for periods up to 5000 hours in a
cesium vapor environment. Subject a representative number
of the specimens to detailed analyses to determine the nature

and extent of any fuel/clad interactions, and the effects of

venting the fuel to the cesium environment.



Task 2:

Phase C:

GEST-2049

Fabricate and irradiate two irradiation capsule assemblies
containing specimens of uranium oxide fuel clad in vented
tungsten 26% rhenium in Plum Brook Reactor Facility, Per-
form post-test analyses to determine the dimensional stabil-
ity structural integrity, and extent of any interaction for the

irradiated specimens.

Irradiation of high purity alumina at temperature.

Expose alumina specimens to irradiation in the Plum Brook
Reactor in a vacuum environment. Measure electrical resis-
tivity and breakdown voltage during irradiation and perform
post-irradiation examination to determine changed in physical

properties of the specimens.

A summary of the work performed during the seventh quarter and contained

in Section III of this report follows:

Phase A:
Task 2:

lask 3:

Task 5:

Develop, fabricate,and evaluate Thermionic Converter Designs
Out-of-pile converters 311, 312, and 313 were operated for 6413,
5807, and 3775 hours respective. Converter 311 failed at

6413 hours by indicating cesium leakage into the bombardment
chamber. Converter 313 failed similarly after having been

thermal cycled 6 times. Converter 312 is continuing in test.

a) The stress analysis and design of the TFE werc completed
and forwarded to the NASA Project Manager. The out-of-

pile Converter design was initiated.

Extensive fabrication of the W-25% Re fueled converter was
done. Two filaments were calibrated and the first emitter

assembly was made for emitter calibration.



Phase B:-
Task 1:

Task 2:
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Thermal and irradiation testing of fuel/clad emitters,

Long term high temperature compatibility tests of UO2 clad
with W-25% Re.

Thermal exposure of capsules 1, 2, 5, 6, 7, 8, 9, 10, is
being continued. Exposure of capsules 3, 4, 11, and 12 has
been concluded, and the capsules have been examined. Time

and temperature for exposure of these four capsules are as

follows:
Capsule Temperature Time
3 ISOOZC 500 Hours
4 ISOOOC 1000 Hours
11 ZZOOOC 500 Hours
12 2200 C 1000 Hours

No significant changes in dimension were observed for any of
the capsules. No significant weight changes were determined
for capsules 3 and 4, but capsules 1l and 12 showed consider-
able weight loss because of the rupture of the cesium contain-

ment during the first 500 hours.

No gross interaction between UOZ and W-25% Re was dis-

closed by metallographic examination.

Fuel €lad Irradiation

The experiment has been redesigned to attain a burnup in the
uo, fuel of 1 x 1020 fissions/cm3 with a minimum irradiation
time, and utilizing as many of the fabricated capsule compon-
ents as possible. The Design and Hazards Manual has been
modified to reflect the redesign of the experiment. The
Vertical Adjustable Facility Tube (VAFT) has been completed
and operational checks and accuracy and repeatability tests

have been completed with satisfactory results.
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Irradiation of Alumina

Analysis were performed by the PBR to more accurately
define the fast flux history of capsule irradiations reported
in the Sixth Quarterly Report.

The vacuum can containing the samples was removed from
the irradiation capsule and shipped from the Plum Brook
Reactor Facility to the Vallecitos Atomic Laboratory for

post irradiation examination.
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SECTION II

INTRODUCTION

To meet future space power requirements over the range of kilo-
watts to megawatts with a light-weight, reliable and long-life sys-
tem, the Special Purpose Nuclear Systems Operation of General
Electric has proposed the STAR-C (Space Thermionic Auxiliary

Reactor),

A significant feature of the STAR-C is the integral thermionic fuel
element which consists of a number of nuclear-fueled series-
connected, power-converting diodes. Emphasis has been placed

on this development.

The attainment of the high reliability levels which are required for

a space power system will require each individual, s‘:ries-connected
thermionic cell to be fabricated and perform to exacting reliability
standards. Development work on materials and converters to achieve
the goals of reliability and life in configurations acceptable to the
thermionic reactor system is supported as part of the present pro-

gram as well as under other nuclear thermionic programs at the

General Electric Company.

This is the Seventh Quarterly Report describing progress on the re-
search program for the long term testing of cylindrical diodes and
the radiation of fuel and insulators under Contract NAS 3-2544., The

program consists of three work areas:
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A, Development of Basic Converter Life
B. Thermal and Irradiation Testing of Fuel/Clad Emitter

C. Irradiation of High Purity Alumina at Temperature

Objéctives of each of these and technical progress during the quarter

are summarized in Section III,

-T=
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SECTION III
TECHNICAL PROGRAM STATUS

A. DEVELOPMENT OF BASIC CONVERTER LIFE

1. General
This phase consists of four converter investigations des-

cribed as follows:

a. Task 1, Converters 301 - 303

These converters consists of cylindrical tungsten
emitters, niobium collectors, and have an inter-
electrode spacing of 0.0l inch. The detailed design

of these converters is described in reference 1. The
objective of this task is to develop thermionic conver-
ters of high reliability under simulated thermionic fuel
element conditions and obtain information on their

possible failure modes.

b. Task 2, Converters 311 - 313

These converters consist of cylindrical tungsten emit-
ters, niobium collectors, and have a 0.0l inch spacing
with a spacing assembly mounted on one end of the
emitier that closely simulated an intercell struc
for a thermionic fuel element. The detailed design of
this assembly is described in feference 2. The ob-
jective of this task is to subject the collector-to-emitter
spacing components and intercell assembly to realistic

operating conditions and obtain information on their

possible failure modes.
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c. Tasks 3 and 4, Converters 331 - 332

This sub-task consists of two converters very similar

to those in Task 2, the sole exception is that the intercell
assembly mounted on one end of the emitter contains the
current carrying emitter lead. The converter design is
based upon a thermionic fuel element design, including
thermal and stress analysis, which is part of the con-
verter design task., The objective of this task is identi-
cal to Phase II with the added simulation of the current

conduction in the connector pins.

d. Task 5, Converters 431 - 433

These three converters consist of electrically heated
cylindrical tungsten 25% rhenium emitters containing
uranium dioxide fuel, niobium collectors; and have an
interelectrode spacing of 0.0l inch. The objective of
this task is to investigate the possible influence of UOZ

on the performance of thermionic converters which employ

W-25% Re clad, UO2 fueled emitters.

Task 1, Converters - Series 301 - 303

Testing of these converters had been terminated previously
and results of post-test examination of 302 and 303 reported.
No post-test examinations had been initated on converter 301

at the end of the reporting period.

Task 2, Converters - Series 311 - 313

Converter 311 - From about the 4300~hour point, the adjustable
transformer in the bomber voltage supply became mechanically
frozen preveuting the standard test practice of maintaining the
input power constant. In spite of this condition, an indicated
increase in effieiency with time was reflected in the output

power remaining near 100% while the input power was slowly

-9-
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decreasing. Near the 6000 hour point, power input had decreased

to just above 90% and the emitter temperature had decreased to

17500C. At 6016 hours, the tests console was turned off and a new
bomber supply adjustable transformer was installed. The

converter was then placed back in test. 90% of the initial

power output was obtained with the input at approximately 90%

of the initial value to re-establish the performance just prior

to the repair. The emitter temperature was approximately

1750°C and the collector temperature was 700°C. At 6250 hours

the converter was temporarily shut down again for an adjustment

to the test console. Upon placing the converter back on life test, 110%
of the initial output power was obtained with 102% of the initial input
power. The emitter temperature was 1815°C and the collector temp-
erature was 709°C. By 6369 hours, the filament had begun to show a
fluctuation in the current-voltage relationship. Current-voltage curves
were obtained which indicated evidence of cesium in the borbardment
chamber. Converter heater failure was declared and the converter tests
h:ilted at 6413 hours. No post-test examinations had been initiated at the

end of the reporting period. Input and output for converter 31l plotted

as functions of time are shown in Figure 1.

Converter 312 - At the end of the reporting period, a total

of 5807 hours had been accumulated. The converter was
operating at an emitter temperature of 1830°C and a collector
temperature of approximately 725°C. input and output power
for converter 312 plotted as functions of time are shown in
Figure 2. Individual data points are not shown for the time
period 4025 hours to 5807 hours because the input and output

powers were varied over a wide rangeduring that period as

described in the following paragraphs.

-10-
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During the reporting period, an investigation was conducted
to ascertain the causes, if possible, of an apparent secon-
dary cesium reservoir. This manifests itself by the power
output being independent of the cesium reservoir temperature
about the 345°C. Below that point, reductions in cesium
reservoir temperature cause a repeatable reduction in output
power. This was observed with a collector temperature of
700°C. When the collector temperature was revised to 750°C,
power output was controlled by the cesium reservoir temper-
ature in a repeatable manner as if the secondary reservoir
had disappeared due to the higher collector temperature.
Power output of the converter returned to the original value
at the corresponding collector temperature; however, a slow

loss in power output occurred a few hours thereafter.

Work function measurements on both the emitter and the
collector were made at this point. The current vs temperature
measurements on the emitter indicate a normal S curve on the
Richardson plot. Collector work function measurements
indicated a collector work function of about 1.6 volts in

the fully cesiated condition. The emitter work function was
approaching 4.6 volts at an emitter temperature of 1834°C

and a cesium reservoir temperature of 150°C. When the con-
verter was returned to test and the collector temperature raised
to 7300C, the power output returned to its original value and
remained there for a few hours. Subsequently the power output
drifted down as if the cesium reservoir pressure were too

low, thus repeating its characteristics of the apparent secondary

cesium reservoir,

A systematic re-run of the voltage-current characteristics
originally used to establish the optinum cesium reservoir
temperature for maximum power was employed as a diagnostic

-18-
tool.
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The emitter temperature was held at T =1845°C throughout the

E
test and the collector and cesium reservoir conditions varied

as follows:

Test1 - T -7150°¢, T, =353, 363, 385, 408°C
(o} (o]
- = = 4
Test2 - T 73occ, T, =383, 419°C
Test3 - T =730°C, T . =382, 383, 417
O CS (o]
Test4 - T =700°C, T__ =350, 374, 400, 430°C

The timing of these tests are as follows:

Between Testl and 2 - 20 minutes
Between Test2 and 3 - overnight with TC = 700°C
Between Test 3 and 4 - 2 hours

The results of the tests shown on Figure 3. The four curves
shown for Test 1 exhibit the normal converter performance
response to changes in cesium reservoir temperature. Specifi-
cally, the I-V characteristic indicates a low cesium reservoir

temperature condition at T_, =353 and 363°C. At TCs - 385°C

Cs
maximum power is produced (optimum cesium temperature) and
an over optimum cesium reservoir temperature condition exists

o
At T =408"C.
Cs
The I-V curve for the remaining tests, however, deviate in
a manner which suggests a second cesium reservoir within

the converter.

The dashed line (Test 2) is identical for T =3830C and
s
4190C, and is nearly identical to the I-V characteristic for

T . =750°C, T_ =385°C. The shaded band (Test 3) at T . =
C Cs C

730°C indicates the range in I-V characterisiic for values

of cesium reservoir temperatures 382, 383, and 417°C. The

-19~
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shaded band (Test 4) at T =700°C similarly indicates the

C
range in I-V characteristic for cesium reservoir temperature
values of 350, 374, 400, and 430°C. As can be seen in all
cases where the collector temperature was below 7500C and
after some elapsed time, the I-V characteristic curve at

high=r indicated cesium reservoir temperatures really

exhibits a low cesium reservoir temperature condition,

The secondary reservoir seems to be primarily under the
influence of the collector temperature and exhibits a time
dependence. As tabulated on page 18, about 20 minutes
elapsed between Tests 1 and 2; between Test 2 and 3 the
collector temperature was held at 700°C overnight then
returned to 73OOC immediately before Test 3. A consid-
erable difference can be seen in the I-V characteristic

for two TC =730°C tests (Tests 2 and 3).

The time difference between Tests 3 and 4 was 2 hours and
a considerable change in characteristics is evident. The
measurements made are not comprehensive enough to
separate the effects of collector temperature from those of
time. It is evident that the performance level of the con-

verter has not been impaired.

Converter 313 - At the end of the reporting period, con-
verter 313 had accumulated a total of 3775 hours and had
completed six thermal cycles successfully. Input and output
power for converter 313 plotted as functions of time are
shown in Figure 4. The times at which the temperature
cycles were impressed on the converter are also shownon
this figure. The power output at the end of each of the

cycles returned to its original value for the same input power

and remains at this value between cycles.
-21-
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The temperature cycle that is impressed upon the conver-

ter is described as follows. Once each week the power

in the emitter temperature is reduced to an emitter temperature

of about 14OOOC, the collector temperature to about 3ZOOC.
This point is held for about one-half hour at which time the
converter is returned to its original input power value and
an emitter temperature of 1830°C.. Converter performance
is then observed at steady state power for one week at which
time another temperature cycle is initiated. Shortly after
Cycle No. 6, filament and bombardment characteristics
indicated evidence of cesium in the bombardment chamber

and the converter testing was terminated at 3775 hours.

The results of the converter life test through the seventh

quarter are summarized in Table 1, The calculated ther-
mionic design values for power output and efficiency were
calculated using the same methods in the Second Quarterly

Report. S

Task 3 and 4, Converters - Series 331 - 332

a. Layout drawings and assembly sequence of a three
converter series-connected segment of a thermionic
fuel element (TFE) based upon the thermal and stress
analyses reported in reference 4 were submitted to
the NASA Project Manager for his approval. Approval
was obtained and the preliminary design of the out-of-

pile converters (331-332) was initiated.

The out-of-pile design will reflect as closely as poss~
ible the design of the TFE, As many standard com-

ponents as possible are being used.

25—
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The mockup of the intercell connectors between the emitter
and the adjacent collector has continued in test. During this
quarter twenty additional thermal cycles were run bringing
the total to sixty. After removal from test no indication of
distortion or failure was observed except for one local
region on the end disc of the collector. In this region,
approximately 60° displaced from a lead pin, there was
what appeared to be a grain boundary crack. This ''crack"
is shown in Figure 5. It is located near the heat affected
zone of the weld joining the cylindrical and disc portions of
the collector. Since it is displaced from the leads it is

not believed to be associated with strains from the lead pin.

During cycling, the collector is cooled by a molybdenum
heat sink that fits tightly into the collector on the cylin-
drical surface, but does not contact the end disc. Heat
from the emitter is conducted through the lead pins into
the cylindrical portion of the collector and into the heat
sink. The end disc of the collector or receives energy
from the emitter by radiation. Since the collector is at

a comparatively low temperature, IOOOOC, it does not
radiate appreciably to the heat sink, but must reject its
heat past the lead pins. As a result, the center of the end
disc operates at a higher temperature than the edges. This

was visually observed during cycling. At these temper-

+thao i
e T

[¢]
w

atur
surface radially outward. During the cooling down, the
cylindrical surface restrains the disc contraction and creates
a radial, tensile stress in the end disc which causes partial
yielding. Upon continued cycling a crack could develop.

The development of this crack is not a significant event
regarding these tests since, in an operating converter, the
collector need not be leak tight and the structural and

electrical functions of the end disc would not have been impaired.

-27-
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EMITTER

CRACK

COLLECTOR

33X

Figure 5  Photograph of the Suspected Crack in the
Collector End Disk of a Mockup Cycled
Sixty Times
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Rask 5, Converters - Series 431 - 433

These converters will be basically the same as the series 301-
303 converters with the added provision for longitudinal slots
to contain the UO2 within the emitter. The design of the
collector has been modified to allow operation at IOOOOC for
4500 hours as the life objective. The design of the converters

was shown in Figure ll of reference 4.

During the reporting period the metallographic and spectro-
graphic analyses of the tantalum thimbles has allowed a
selection of satisfactory thimbles for inclusion in the three
converters. The results of this analysis and the analysis of
the braze joints on the collectors has been resolved and de-
sign approval has been received subject to the satisfactory
documentation of the tantalum thimble inspection and the
collector braze joint analysis. This documentation has been
partially completed during this reporting period. Receipt
of design approval has permitted the initiation of final as-

sembly of the converters.

Two electron bombardment filaments were calibrated and

one of these was used in the assembly of the first emitter

for the temperature calibration of the emitter. The emitter
calibration assembly is shown in Figure 6. During the first
series of temperature runs, the glass viewing port in the
vacuum system cracked and the pressure increased to greater
than 300 microns. The emitter was at 1600°C and all com-
ponents oxidized irreparably. New assembly and fabrication

was continuing at the end of the report period.

-29-




Figure 6

Emitter Temperature Calibration Setup

GEST-2049

=80 =



GEST-2045

B. THERMAL AND IRRADIATION TESTING OF

FUEL/CLAD EMITTERS

1. Long Term High Temperature Compatibility Tests of UO2

Clad with W-25% Re

a.

Summa ry

The objective of this task is to evaluate the long term

chemical compatibility of UO, with W-25% Re, at

2
elevated temperatures. Capsules of UO, clad with

2
W-25% Re are being tested isothermally in gaseous
cesium (1 to 5 torr) at 1800, 2000, and 2200°C for times
to 5000 hours. Details of the test program and the pro-

gress of tests at the end of this report period are given

in Table II.

Capsules 3, 4, 11 and 12 were examined after thermal
treatment. No unusual changes were found in the di-
mensions of any of the capsules or in the weights of
capsules 3 or 4, Capsules 1l and 12, however,

showed a considerable weight loss because of rupture
of the cesium containment chamber during the first

500 hours of testing. All four capsules have been sec-
tioned and examined metallographically. No gross
interaction between the UO, and W-25% Re was ob-
served in any of these capsules. Traces of interaction
were found, however, in capsules 1l and 12 only
(ZZOOOC). Discontinuous grain growth in the W-25 % Re
was observed in capsules 11 and 12 (ZZOOOC). Some"
evidence of porosity was observed in capsule 4 (18000C)
and capsules 11 and 12 (ZZOOOC). Observations on

each of the four capsules are presented in this section

under Results and Discussion (III, B, 1, c). Experimental
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TABLE (I

PROGRESS OF FURNACE TESTS

Test Target Time In

Ca,psulea Temperature Test Time Furnace
Number °C Hours Hours

1? 1800 2000 1950

2P 1800 2000 1950

3¢ 1800 500 Completed

4°¢ 1800 1000 Completed

5 1800 3000 2197

6 1800 3000 2197

7 1800 5000 2197

8 1800 5000 2197

9 2000 2000 1038

10 2000 3000 1038

11 2200 500 Completed
12 2200 1000 Completed

a. All capsules had a 0,020-inch vent hole in one cap.

b. Cladding of all capsules except 1 and 2 was sintered
W-25% Re from Chase Brass. The cladding of cap-
sules 1 and 2 consisted of extruded tube from NMI and
sintered caps from Hoskins. '

c. All capsules except 3 and 4 were TIG welded. Capsules
3 and 4 were brazed with Mo-50% Re.
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procedures, outlined in the previous quarterly, (4) are

elaborated further and concluded in this report.

Experimental Procedures

Fabrication and Characterization of Capsule Components

The fabrication procedure and the chemical and metallo-
graphic analyses of the UO, pellets was reported pre-
viously.(4) Metallographic analysis of extruded NMI
tubing (used in capsules 1 and 2) and chemical and
metallographic analyses of the Hoskins end caps used

(4)

with the NMI tubing were also discussed previously.

Chemical analysis of the NMI tube is given in Table III.

The W-25% Re used in capsules 3 through 12 was supplied
by Chase Brass and Copper Company. The tubing and
end caps were prepared by powder metallurgy tech-
niques. Tubing was fabricated to a size considered
optimum for machining by using the filled billet method.
Final sizing was done by electrical discharge machining
(E.D.M.), grinding and lapping. The required shapes of
end caps were made by E.D .M. fromhot rolled W-25%
Re sheet. Longitudinal and transverse sections of the
tube are shown in Figure 7. N

was detected at 500X,

Assembly of Capsules

Capsule assembly methods were described in the pre-

vious quarterly. (4) All capsules were assembled by TIG

-33-
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TABLE II1

CHEMICAL ANALYSIS OF W-25% Re CLADDING

NMI Chase Brass Chase Brass Analytical
Element Tube Caps Tube Techniques
Re 24.86% 24.89 24.95% Gravimetric
Precipitation
C 32 ppm 26 ppm 31 ppm Conductometric
0] 60 40 50 Inert Gas Fusion
N 120 100 100 Micro Kjeldahl
Al < 10 < 10 10 Emission
Spectrographic
Ca < 1 < 1 < 1 Emission
Spectrographic
Cr < 10 < 10 < 10 Emission
Spectrographic
Cd < 20 < 20 < 20 Emission
Spectrographic
Cb < 50 < 50 < 50 Emission
Spectrographic
Cu 19 20 18 Emission
Spectrographic
Cs < 50 < 50 < 50 Emission
Spectrographic
Fe 11 7 35 Emission
Spectrographic
Hf < 100 < 100 <100 Emission
Spectrographic
Mo 182 115 125 Emission
Spectrographic
Ni 8 5 10 Emission
Spectrographic
Na < 5 < 5 < 5 Emission
Spectrographic
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TABLE III
(Continued)
NMI Chase Brass Chase Brass Analytical
Element Tube Caps Tube Techniques
Si < 20 < 20 < 20 Emission
Spectrographic
Sn < 20 < 20 < 20 Emission
Spectrographic
Ta < 100 < 100 <100 Emission
Spectrographic
Ti 3 1 2 Emission
Spectrographic
Zr 4 1 3 Emission
Spectrographic
Zn < 100 <100 <100 Emission
Spectrographic
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Figure 7

150X
7a. Longitudinal Section

150X

7b. Transverse Section

W-25% Re Tube from Chase Brass.

GEST-2049
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welding except capsules 3 and 4, which were brazed
with Mo-50% Re. After assembly, each capsule was
ma.croscopically examined and its weight and dimensions
recorded, Phnotomicrographs of an as-brazed and an
as-welded capsule are shown in Figures 8 and 9, res-
pectively. An interface between UO, and the W-25% Re
cladding, typical of both the as-brazed and as-welded
capsules, is shown in Figure 10. The grain size and
hardness of the W-25% Re cladding of each capsule are
given in Table IV,

Metallographic Preparation

Each capsule was prepared for metallographic exami-
nation by: (1) vacuum filling it with epoxy to keep the
UO, pellet in place in the capsule during sectioning and
polishing operations; (2) sectioning it longitudinally and
mounting the section in epoxy; and (3) applying routine
grinding and polishing procedures. Structurél details
were revealed by etching the UO, (for 2 to 3 minutes)
with a solution of 90% H,0, and 10% HZSO4, and by
etching the W-25% Re (30 to 40 seconds) with a solution
of 1 part of 30% potassium ferricyanide and 1 part of

10% NaOH.

Results and Discussion

Thermal testing of capsules 3, 4, 11, and 12 was
completed during this report period. External capsule
surfaces were free of defects and showed no evidence

of attack by cesium. Dimensional and weight changes
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8a. Macroshot of Capsule

8b. Typical Braze Area

100X

Figure 8 As-Brazed Capsule -38-
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9a. Macroshot of Capsule

9b. Typical Weld Area

50X

Figure 9 As-Welded Capsule
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100X

ETCHED

-Brazed and As-

Typical Interface in As
Welded Capsules.

Figure 10
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TABLE IV

CAPSULE MEASUREMENTS

Grain Size Hardness Dimensional & Weight
(ASTM) (DPH) Changes
Capsule W-25% Re W-25% Re AD* AHP AW ¢
Number Wall Cap Wall Cap (in.) (in.) (gms.)
As-brazed 6.6 6.7 442 446 - - -
As-welded 6.6 6.7 453 449 - - -
’ 3 6.0 7.0 455 511 None  None 0.0033
. 4 7.0 6.8 438 497 None None 0.0052
. {Very large grains
5.2 n.d8 420° 470° None  None 2.1318
Very large grains
12 { .
6 5.9 449°  450°  40.002 None 2.0750%
a. AD = difference between pre- and post-test capsule
diameter. Approximate initial diameter = 0.450 inch.
b. AH = difference between pre- and post-test capsule |
height. Approximate initial height = 0,450 inch.
c. AW = difference between pre- and post-test capsule
weight, Initial weight = approximately 13 grams.
. Weight UO, = approximately 6 grams.
d. n.d. = no determination
e. Hardness readings refer only to areas of small equiaxed grams,
f. Weight loss during last 500 hours was 0,0064 grams.
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of the capsules are recorded in Table IV. The large
weight losses of capsules 11 and 12 were caused by

the rupture of the tantalum chamber during the first

500 hours of the test. The rupture of the chamber per-
mitted the escape of the Cs cover gas and exposed the
capsules to vacuum in which greatly increased evapo-
ration of UO, occurred. The weight lpss of capsule

12 in the last 500 hours of thermal tréatment was

0.0064 grams, which indicates the effectiveness of the
cesium cover gas in suppressing evaporation. UQO3

was lost from each capsule as clearly shown in Figure 11.
After inspection and measurements, the capsules

were sectioned and examined metallographically (Figures
11 and 12). These capsules, like those examined during
the first year of this program, exhibited no gross inter-
action between UO3 and W-25% Re. Typical interfaces
of each capsule are shown in Figure 13 and 14. No
sigma phase was seen at 500X in any of the cladding.
Two interesting effects were noted in the cladding of
some of the capsules: abnormal grain growth and de-

velopment of porosity.

The walls and caps of both of the 2200°C capsules
showed very large grains running, sometimes, almost
the entire length of a cap or wall. Much smaller
equiaxed grains covered the residual areas. The grain
growth is shown in Figure 12 and at larger magnifica-
tion in Figures 14a and 15. Grain growth was normal

in capsules 3 and 4. Grain sizes and hardnesses of
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ETCHED

1la, Capsule 11 - 500 hours

ETCHED

Figure 11

l1lb. Capsule 12 - 1000 hours

Macroshots of Capsules Tested at 2200°C, 43
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12a, Capsule 3
500 hours

12b, Capsule 4
1000 hours

ETCHED 6X

Figure 12 Macroshots of C
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13a, Capsule 3
500 hours

ETCHED 100X

13b. Capsule 4
1000 hours

ETCHED 100X

Figure 13 Typical Interfaces of Capsules Tested at 1800°0C
-45-
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Uuo

14a, Capsule 11
500 hours

W-25% Re

ETCHED 100X

uo

14b, Capsule 12
1000 hours

W-25% Re

ETCHED

100X

Figure 14 Typical Interfaces of Capsules Tested at 2200°C AB
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- W-25% Re

15a. Wall of Capsule 11

500 hours
Uuo
2
ETCHED 100X
W-25% Re
Uuo
2

15b. Cap of Capsule 12
1000 hours

ETCHED C 4 " 1 o

Figure 15 Discontinuous Grain Growth in Capsules

Tested at 2200°C
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the four capsules are tabulated in Table IV. Porosity

was first noticed in the W-25% Re walls of capsule 4

(ISOOOC at 1000 hours). Compared to this capsule, the

size and number of pores appeared to be greater in capsules
11 and 12 (ZZOOOC). Very few pores were seen in the caps

of these capsules, and in some samples none at all. Although
metallography of as-received W-25% Re showed no evidence
of pores, radiography indicated some light porosity in
sections of the tube. It may be, therefore, that the pores
observed in the thermally treated samples were associated
with pores present in the tube before testing. Another
explanation may be that micropores present, but not
observable, at room temperature coalesced with increasing
temperature and time. A third possibility is that the pores
developed due to the accumulation and resulting pressure of
impurities in the W-25% Re which could be gaseous at the

high test temperatures.

Braze zones of capsules 3 and 4 are shown in Figure 16,
Porosity was not present in the original braze
area  (Figure 8b), but began to develop along the
center of the braze zone after 500 hours at 1800°C
and was more evident after 1000 hours. The large
void in Figure 16b similar to that shown in Figure l6a
is due to .incomplete filling in the braze joint and is
not due to thermal treatment, The growth of pores is
believed to be associated with the Kirkendall effect, \°)

i.e., when two metals having different diffusion coefficients
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Capsule 3

3]
O
—

500 hours

100X

ETCHED

Capsule 4

6b

—t

1000 hours

100X

ETCHED

Figure 16 Braze Areas in Capsules Tested at 1800°C
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are permitted to interdiffuse there is a net transport
of material across the plane that initially separated
the two. In the brazed samples, it is believed that
molybdenum diffuses out of the braze area faster than
tungsten can diffuse in the opposite direction, thus

creating a void area in the braze.

Hardness measurements were made across the braze
areas. In moving from the center of the Mo-50% Re
into the cladding the hardness gradually increased to

a maximum value outside the original braze-W-25%
Re interface and then decreased to the hardness of the
cladding. The hardness maximum is probably associa-
ted with local zone of a hard ternary solid solution.
Microprobe analysis would be required to evaluate con-

centration gradients in brazed areas to clearly estab-

lish the reason for braze porosity and the hardness peaks,

The UO, in all capsules contained metallic phase and,

in addition, the UO2 of capsules 3 and 4 contained a
nonmetallic second phase. The metallic phase was
present as randomly distributed very fine particles
(Figure 17) in capsules 3 and 4. The metallic phase
was precipitated in grain boundaries, pores and cracks
in capsules 11 and 12 after thermal treatment at 2200°C,
Figures 18 and 19 respectively. The amount of metallic
phase seen in capsules 11 and 12 greatly exceeded the
amount found in capsules 3 and 4. The metallic phase

appears to be uranium, but microprobe analysis would
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AS-POLISHED 1000X

Figure 17 Metallic Phase in Capsules 3 and 4
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AS-POLISHED 1000X
18b. Metallic Phase in UO, Pore

Figure 18 Metallic Phase in the UO2 of Capsule
11 (2200°C - 500 hours)

GEST-2049
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AS-POLISHED 100X

Figure 19 Metallic Phase in Capsule 12 (2200°C - 1000 hours)
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be necessary to make a conclusive identification.
Uranium is expected in the UO, because of the high
temperatures to which the samples were subjected.
Experimental evidence(é'lo) has shown that UO, be-
comes substoichiometric (UO3_,) above 1600°C, re-
leases oxygen, and retains the excess uranium in
solution in the UO,__ structure. The degree of sub-
stoichiometry increases with increasing temperature,
Upon cooling, the UO2_4 reverts to the stoichiometric
composition, UOZ.OO’ and ejects the excess uranium.
Depending upon the rate of cooling, the uranium pre-
cipitates in varying amounts within the UO, grains
and/or at grain boundaries and pores. The non-
metallic second phase observed in the 18000C capsules
(randomly distributed in as-fabricated UO, pellets(4) )
was found to be concentrated in cracks, grain boun-
daries, and to a lesser extent, within grains, (Figure
20). The non-metallic phase was not seen in either of
the capsules tested at 22000C, The second phase may
have evaporated at this high temperature. Microprobe
analysis would be required to identify the nonmetallic

phase.

Earlier, it was stated that no gross interaction between
UO, and W-25% Re was formed in capsules 3, 4, 11 and
12, Traces of interaction were observed, however, in
capsules 11 and 12, A thin layer (~ 1 micron thick) of
what appeared to be metallic phase was found along the

inner edge of the non-vented cladding cap, Figure 21,
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AS-POLISHED 500X

20a, Nonmetallic Phase Precipitated in Crack and
Within Grains.

ETCHED 500X

20b, Nonmetallic Phase in Grain Boundaries and
Within Grains

Figure 20 Nonmetallic Phase (Dark Grey) in UO
(Light Grey Background) of Capsules
3 and 4 (1800°C)

GEST-2049
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AS-POLISHED 1000X

Figure 21 Thin Layer of Metallic Appearing Phase
Along the Interface Between UO) and
Clad Can  Capsule 11
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UO, etchant attacked the thin layer indicating the
presence of uranium. The layer before and after
etching is shown at very high magnification in Figure
22, Limited interaction was also seen at the interface
of UO, and the vented cladding cap of capsule 12. A
small amount of what appears to be UO, was found
penetrating grain boundaries just inside the cladding,
Figure 23 and 24. The interaction zone along the
interface seems to be associated with what appears to

41712

be metallic phase in the UO,. The meiallic phase was

attacked by UO;, etchant. Microprobe analysis of the
interaction zones would be required to identify the phase,
but the small size of the zones would permit only quali-

tative answers at best.

2. Fuel/Clad Irradiation

a.

General

The objective of this task is to obtain data on chemical
compatibility, dimensional stability, venting characteris-
tics, weld microstructure, and fission product release
for UO, fueled, W-26% Re clad emitters at temperature
in nuclear environment. The task consists of irradiating
specimens in the Plum Brook Reactor (PBR). Two

irradiations are planned.

During the seventh quarter, redesign of the exberiment
was accomplished to attain a burnup in the UO, fuel of

3

1 x 1020 fission/cm3 while minimizing irradiation time

and utilizing as much of the fabricated capsule components

-57=




2000X
22a, As-polished

2000X

22b. Etched with UO2 Etchant

Figure 22 Thin Layer of Metallic Appearing Phase
Along the Interface Between UO; and
Clad Cap Capsule 11

GEST-2049
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AS-POLISHED 1000X

AS-POLISHED 1000X

Figure 23 Nonmetallic Phase (Dark Phase) Penetrating
W-25% Re Grain Boundaries Along Inter-
face with UOp ., White phase in UO, Appears
to be Metallic, -59-




ETCHED 1000X

Figure 24 Same General Area as Iigu t Sho
Nonmetallic Phase in W-25% Re Grain
Boundaries

GEST-2049
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as possible. Modifications to the Design and Hazards
Manual reflecting the redesign were accomplished.
Investigations to permit definition of the test paramecters

for the second irradiation were initiated.

Objectives
The first irradiation of the 64-01 R1 experiment is
designed to accomplish the following at a fuel burnup

of 1 x 1020 ﬁssion/cm3:

(1) Measure fission gas release from bulk UOp

in an applicable thermal environment.

(2) Investigate the fission gas release mechanisms

from peripheral cladding vents.

(3) Measure the fuel transport from peripheral
vents in an applicable thermal environment

with an inert cover gas.

(4) Investigate the compatibility of UO, with W-26%
Re clad material at thermionic conditions in a

nuclear environment,
(5) Determine the structural integrity of fueled

emitter structures consisting of bulk UO3 clad

with 0.020 inch W-26% Re,
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A summary of the pertinent test parameters is pre-

sented below:

Temperature-clad

Clad specimen environment

Flux (thermal)

Fuel burnup

Internal fuel temperature

Total emitter power

Surface heat flux - based on fuel

Test hole

Irradiation time

1800°C + 0°C -100°C

Approximately 75%
argon - 25% helium
gas mixture

3-6x 1014 n/cmZ/sec

Approximately 1 x 1020
fission/cm3

<2300°C

~650 watts
~64 W /cm?
PBR LD-11

Approximately
2900 hours

The four specimens to be irradiated in the capsule

are described as follows:

Atmos.

No. Fuel Clad Vented Location 1in clad Enrichment
1 UO2 W-26% Re 3-0.020 dia, Upper 1 atm 75% 2.4%
(0.020) holes argon -

25% helium
1 UO2 W-26% Re 3-0.020 dia. Upper 1 atm 75% 2.4%
(0.020) holes argon -
25% helium
1 uo, W-26% Re 3-0.020 dia, Lower ! atm 75% 1.5%
(0.020) holes argon -
25% helium
1 UO, W-26% Re 3-0.020 dia. Lower 1 atm 75% 1.5%
(0.020) holes argon -
25% helium
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Design Analysis

The minimum time (2900 hours - approximately 8
calendar months in PBR) to achieve 1 x 1020 fission/
cm3 burnup was determined by establishing the maxi-
mum power allowable for the basic design based on PBR
Technical Specification Change No. 15 requirements for
capsule cooling. The containment can surface tempera-
ture for this test will not exceed the saturation tempe~
erature of the cooling water for maximum normal
operating conditions at the maximum flux position for
the capsule. Other transient conditions show the
burnout factor is always in excess of 1.5 which meets

the Technical Specification Change No. 15 requirements.

The increased heat flux from the specimens will be ac-
commodated by utilizing a 75% argon - 25% helium gas

mixture surrounding the specimens. Repositioning the
capsule deeper into the PBR flux profile will permit

the increased fission power.

Capsule Materials and Fabrication

As reported in previous quarterly reports, all of the
maierials are on hand_, The quality control inspections
have been completed satisfactorily and all material
meets specification. The fabrication of a test specimen

for hydrostatic test of 2 containment can is in progress.

The linear position indicator for the Vertical Adjustable

Facility Tube (VAFT) has been received. The operational
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checks and accuracy and repeatability tests on this

unit have been completed with satisfactory results.

The unit, shown in Figure 25, is ready for the installa-
tion of the VAF T drive unit and the control panel in-

stallation into the console.
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Figure 25 Linear Position Indicator Transducer

and Controi Fanel
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C. IRRADJATION OF ALUMINA

1. General
The capsule was irradiated in the Plum Brook Reactor for
seven cycles during the period of 13 August through 21
December 1964, During this quarter the PBR Nuclear
Analysis Section calculated the fast flux history of the ex-
periment. An exposure of 1.8 x 1020 nvt greater than
! MeV was reported. This is a 12.5% increase over that
reported in the Sixth Quarterly Report where the exposure
was estimated from the data log sheets. The nickel flux
wire in the capsule will be counted as part of the post-
operational examination. This will give a confirming value
for the total exposure. The capsule was removed from PBR
and the shell cut away in the PBR Hot Laboratory. The
vacuum can was shipped to the General Electric Vallecitos
Atomic Laboratory Radioactive Materials Laboratory where

post-operational examination has been initiated.

2, Irradiation
An analysis was made to determine the fast and thermal flux
history for cycles 23 to 29. The calculations were performed
by the PBR Nuclear Analysis Section and ihe results appear

in Table V.

The approach used to generate an average flux value for a
cycle was to correct clean ""168-gram' values for mixed
loadings, flux tilting, regulating rod, and shim rod effects,

The cycle average was defined as the arithmetic mean of the
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TABLE V

SUMMARY OF FLUX HISTORY FOR
EXPERIMENT 63-10%

Fast ceU%-int
neutron :ﬁ y
dose 95%
b fast 3 fast/ (>1 MeV) Con-
Cycle MWD § >1 MeV (XN nvt fidence Position
14 20
23 448.17 0.64x 10 0.20 0.63 x 10 + 75% ILD-11
i 14 20
24 314.2 0.41x 10 0.27 0.18x 10 + 50% LA-11
. 14 20
25 53.4 0.34x 10 0.27 0.026 x 10 + 20% LA-11
14 20
26 636.1 0.40x 10 0.18 0.37x 10 +35% LA-11
14 20
27 253.8 0.42 x 10 0.13 0.19x 10 + 20% LA-11
14 20 .
28 512.5 0.34x 10 0.27 0.25x 10 +20% LA-11
14 20 ,
29 505.0 0.34x 10 0.27 0.25x 10 + 20% LA-11
Total 2723.7 1.89 x 1020

*¥Data provided by PBR Nuclear Analysis Section
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beginning and end of cycle values which were first ver-
tically averaged over the experiment capsule region from

+ 2.7 inches to -4.3 inches.

The values shown in Table V incorporate all flux perturba-
tions due to the experiment and loading configurations except
those due to the experiment itself. The larger uncertainly
for cycle 23 was due to the No. 5 shim rod effect which was
difficult to evaluate accurately., Since the capsule flux
perturbation factor with respect to fast flux are very nearly
unity, the values in Table V are well within the limits of
accuracy of the flux measurements and will be compared

to flux wire data for further confirmation.

Data Analysis

No additional work was done this quarter on Data Analysis,

Results to date are presented in the Sixth Quarterly Report,

Post-Operational Examination

The capsule was removed from the Plum Brook Reactor
during the shutdown following cycle 29, This was during
the week of December 21, 1964. The capsule was cut from
the lead hose assembly while still in the pressure vessel,
The capsule was removed from the pressure vessel through
the fuel transfer chute., For the cooling period the capsule
was stored in the PBR fuel storage canal. On Feb;'uary 11
and 12 the capsule was disassembled in the PBR Hot Labor-

atory. The vacuum can was separated from the capsule

-68-




P GEST-2049

shell using the PBR Hot Lab remote hack saw and
tubing <utter . No grozs defect or damage was ob-

served.

The vacuum can was packed and shipped to the Vallecitos
Atomic Laboratory in a Series 200 cask. It was received
March 12, 1965 and placed in a hot cell for examination.
Shown in Figure 26 is the vacuum can as-received. Post-

operational examination is currently in progress.
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Figure 26

Insulator Irradiation Vacuum Can As-
Received at Vallecitos Atomic Laboratory
RML for Post-Operational Examination

]




10.

GEST-2049

REFERENCES

Research Program for the Long Term Testing of Cylindrical
Diodes and the Irradiation of Fuel and Insulator, GEST-2030,

Second Quarterly Progress Report, September 18 - December
17, 1963,

Research Program for the Long Term Testing of Cylindrical
Diodes and the Irradiation of Fuel and Insulator, GEST-2036,

Fourth Quarterly Progress Report, March 18 - June 17, 1964,

Research Program for the Long Term Testing of Cylindrical
Diodes and the Irradiation of Fuel and Insulator, GEST-2039

Fifth Quarterly Progress Report, June 18 - September 17,
1964,

Research Program for the Long Term Testing of Cylindrical
Diodes and the Irradiation of Fuel and Insulator, GEST-2045
Sixth Quarterly Progress Report, September 18 - December
17, 1964.

A. G. Guy, Elements of Physical Metallurgy, Addison-Wesley
Publishing Co., Inc. {1959).

J. S. Anderson, et al,, Nature 185, 916, 1960,
J. Rothwell, Nucl, Mtl._6_,_ 229, 1962,

A, I, Kaznoff, et al,, '"Interaction and Diffusion in the UO_, W
System, ' presented at the 1964 Annual Meeting of the American
Nuclear Society, Philadelphia, Pa.

L. N. Grossman and H. W, Hill, 7th Quarterly Progress Re-~
port, December 1 to March 1, 1963, GESR-2302, General Electric
Co., Vallecitos Atomic Laboratory, AEC Contract AT (04-3)
-189, PA-32. (Confidential - Restricted Data)

R. K. Edwards, Argonne National Laboratory, to be publiéhed.

-71-




DISTRIBUTION LIST

Aerojet-General Nucleonics
San Ramon, California
Attn: K. Johnson (1)

Aerospace Corporation
Post Office Box 95035
Los Angeles, California
Attn: Library {1}

Air Force Cambridge Research Laboratory
L. G. Hanscom Field

Bedford, Massachusetts

Attn: CRZAP {1}

Air Force Weapons Laboratory

Kirtland Air Force Base, New Mexico 37117
Attn: Library (1}

Attn: Lt. Donald A. Brooks (WLDN) (1)

Flight Vehicle Power Branch

Air Force Aero Propulsion Laboratory
Wright-Patterson Air Force Base, Ohio
Attn: A, E. Wallis (1)

Space Systems Division (SSTRE}
AF Unit Post Office

Los Angeles 45, California
Attn: Major W. Iller (1)

Allison Division

General Motors Corporation
Indianapolis 6, Indiana
Attn: T. L. Rosebrock {1)

Argonne National Laboratory
9700 South Cass Avenue
Argonne, Illinois

Attn: Aaron J. Ulrich (1)

Atomics International

P. O. Box 309

Canoga Park, California
Attn: Robert C. Allen (1)
Attn: Charles K. Smith (1)

Babcock & Wilcox Company
1201 Kemper Street
Lynchburg, Virginia

Attn: Frank R. Ward (1}

Battelle Memorial Institute
505 King Avenue

Columbus 1, Ohio

Attn: David Dingee (1)
Attn: Don Keller (1}

Battelle Memorial Institute
Pacific Northwest Laboratories
1112 Lee Boulevard

P. O. Box 999

Richland, Washington 99352
Attn: R, F, Dickerson (l)

Bendix Corporation

Research Laboratories Division
Northwestern Highway

Detroit 35, Michigan

Attn: W, M. Spurgeon (1)

The Boeing Company

P, O. Box 3707

Seattle, Washington

Attn: Grady Mitcham, MS 22-21 (1)

Bureau of Ships
Department of the Navy
Washington 25, D. C.
Attn: John Huth (1}

Attn: B. B. Rosenbaum (1}

CAMEL Facility
Middletown, Connecticut
Attn: M. DeCrescente (1)

Dr. James Hadley

Head, Reactor Division
Lawrence Radiation Laboratory
Livermore, California

Douglas Aircraft Company
Missile and Space Engineering
Nuclear Research {A2-260)
3000 Ocean Park

Santa Monica, California
Attn: A, DelGrossa (1)

Electro~Optical Systems, Incorporated
300 North Halstead Avenue

Pasadena, California

Attn: A, Jensen (1)

Ford Instrument Company
32-36 471h Avenue

Long Island City, New York
Attn: Al Medica (1)

General Atomic

P. O. Box 608

San Diego, California
Attn: R, W. Pidd (1)
Attn: Lou Perry (1)
Attn: Ling Yang (1)
Attn: Al Weinberg (1)

General Electric Company
Missile and Space Division
P. O. Box 8555
Philadelphia 1, Pennsylvania
Attn: ANSE (1)

Ceneral Electric Company
Knolls Atomic Power Laboratory
Schenectady, New York

Attn: R, Ehrlich (1)

General Electric Company
Power Tube Division

One River Road
Schenectady, New York
Attn: D. L. Schaeffer (1)

General Electric Company

Nuclear Materials and Propulsion Operation
P. O. Box 15132

Cincinnati 15, Ohio

Attn: J. A, McGurty (1)

Attn: E, Delson (1)

General Electric Company
Research Laboratory
Schenectady, New York
Attn: Volney C. Wilson (1)

General Motors Corporation
Research Laboratories
Warren, Michigan

Attn: F. E. Jamerson (1)

Institute for Defense Analysis
1666 Connecticut Avenue N, W.
Washington 9, D. C.

Attn: R, C. Hamilton (1)

Jet Propulsion Laboratory
California Institute of Technology
4800 Oak Grove Drive

Pasadena, California

Attn: Peter Rouklove {1}

Attn: Gerry Davis (1)

Los Alamos Scientific Laboratory
P. O. Box 1663

Los Alamos, New Mexico

Attn: G. M. Grover (1}

Attn: E, Salmi (1)

Marquardt Corporation

Astro Division, 16555 Saticoy Street
Van Nuys, California

Attn: A. N. Thomas ({1}

Martin-Nuclear

Division of Martin-Marietta Corporation
P. O. Box 5042

Middle River 3, Maryland

Attn: W, J, Levedahl (1)

National Aeronautics & Space Administration
Western Operations Office

150 Pico Boulevard

Santa Monica, California 90406

Attn: John Keeler (1)




¢ National Aeronautics & Space Administration
Manned Spacecraft Center
r's Houston, Texas
4 Attn: Bobby Bragg (1)

Lockheed Missiles and Space Division
. Lockheed Aircraft Corporation

Sunnyvale, California

Attn: H. H. Greenfield (1)

National Aeronautics & Space Administration
600 Independence

Washington 25, D. C. 20546

Attn: James J. Lynch {Code RNP) (1)

Attn: F. Schulman (Code RNP) (1)

National Aeronautics & Space Administration
Lewis Research Center

Cleveland, Ohio 44135

Attn: Roland Breitwieser, MS 302-1 (1)
Attn: V. Hlavin, MS 3-14 (1)

Attn: Robert Migra, MS 49-2 (1)

Attn: James Ward, MS 500-201 (1)
Attn: Roger Mather, MS 500-309 (1)
Attn: Herman Schwartz, MS 500-309 (1)
Attn: John Dilley, MS 500-309 (1)

Attn: Report Control, MS 5-5 (1)

Attn: John J. Weber, MS 3-16 (1)

Attn: Robert Denington, MS 500-309 (1)
Attn: T. A. Moss, MS 500-309 (1)

Attn: H. B. Probst, MS 49-1 (1}

Attn: Library, MS 3-7 (1)

Attn: Neal Saunders, MS 105-1 (1)

Attn: Bernard Lubarsky, MS 500-201 (1)
Attn: Gerald R. Brendel, MS 500-309 (3)

National Aeronautics & Space Administration
Ames Research Center

. Moffett Field, California 94035
Attn: Library (1)

National Aeronautics & Space Administration
Goddard Space Flight Center
. Greenbelt, Maryland 20771
Attn: Library (1)
Attn; Joseph Epstein (1)

National Aeronautics & Space Administration
Langley Research Center

Langley Field, Virginia, 23365

Attn: Library

National Aeronautics & Space Administration
Marshall Space Flight Center

Huntsville, Alabama 35812

Attn: Library (1)

Attn: Edward Dungan (1)

National Aeronautics & Space Administration
Lewis Research Center

Plum Brook Station

Sandusky, Ohioc 44871

Attn: Robert J. Galbo (1)

Attn: Richard F, Barrows (1)

North American Aviation
S & ID Division

12214 Takawnnd Boulevard
Downey, California

Attn: C. L. Gould (1)

Oak Ridge National Laboratory
" Oak Ridge, Tennessee
Attn: Library (1)

Office of Naval Research
Power Branch
Department of the Navy
Washington 25, D, C.
Attn: Cmdr. W, Diehl (1)

Philips Laboratories

345 Scarborough Road
Briarcliff Manor, New York
Attn: A. Milch (1)

Pratt & Whitney Aircraft Corporation
East Hartford, Connecticut
Attn:; William Lueckel {1)

Radiation Effects Information Center
Battelle Memorial Institute

505 King Avenue

Columbus 1, Ohio

Attn: R, E. Bowmen {1)

Radio Corporation of America
Electron Tube Division
Lancaster, Pennsylvania
Attn: Fred Block (1)

Radio Corporation of America
David Sarnoff Research Center
Princeton, New Jersey

Attn: Paul Rappaport (i)

North American Aviation
S & ID Division

12214 Lakewood Boulevard
Downey, California

Attn: C.0, (1)

NASA -Scientific & Technical Information
Box 5700

Bethesda 14, Maryland

Attn: NASA Representative (2 + 1 repr.)

The Rand Corporation
1700 Main Street

Santa Monica, California
Attn: Ben Pinkel (1)

Republic Aviation Corporation
Farmingdale, Long Island, New York
Attn: Alfred Schock (1)

Space Technology Laboratories
Los Angeles 45, California
Attn: Library (1)

Texas Instruments, Incorporated
P. O. Box 5474

Dallas 22, Texas

Attn: R. A, Chapman (1)

Thermo Electron Engineering Corp.
85 First Street

Waltham 54, Massachusetts

Attn: George Hatsopoulos (1)

Attn: Robert Howard (1)

U. 5. Army ERDL
Fort Monmouth, New Jersey
Attn: Emil Kittil (1)

U. 5. Atomic Energy Commission
Germantown, Maryland
Attn: Cmdr. Morris Prosser (1}

U. S. Atomic Energy Commission
Technical Reports Library

Washington 25, D. C.
Attn: J. M. O'Leary (3)

U. S. Atomic Energy Commission

Dept. of Technical Information Extension
P. O. Box 62

Qak Ridge, Tennessee (3)

U. 5. Atomic Eneigy Sommi 2
San Francisco Operations Office
211} Brancroft Way

Berkeley 4, California

Attn: Don Beard (1)

Varian Associates

611 Hansen Way

Palo Alto, California
Attn: Ira Weismann (1)

Westinghouse Electrical Corporation
Astronuclear Lab

Box 10864

Pittsburgh, Pennsylvania 15236
Attn: Al Boltasc (1)

Astro Met Associates, Inc.
500 Glendale-Milford Road
Cincinnati, Ohio

Attn: John W. Graham (1)

University of Arizona
Tucson, Arizona
Attn: Monte V., Davis (1)

—;




